The fact that standing wave phenomena exist along transmission lines and loops conducting high-frequency electrical energy is responsible for effects of which therapeutic use can be made.
(a) By using the nodal portions of the loop only, it was shown that only eddy currents are produced and that the lower the resistance of the electrolyte the more easily they are produced. They are strongest at the periphery and rapidly fall off away from it, as shown by the curves of the graph in fig. 8. (b) By using only the antinodal portions of the loop, coiled around the same vessel, coaxial or longitudinal currents can be demonstrated. It is interesting to note that these exist both at the periphery and at the centre.
(c) When the whole cable is wound around the vessel, the concentration of the electrolyte becomes the factor determining the way in which the energy will be dissipated: (1) with tap-water, it is found that no eddy currents can be demonstrated whereas coaxial currents exist ; (2) with strong saline solutions the converse holds good; (3) with electrolytes of intermediate concentration both types of currents can be shown to coexist at the periphery while at the centre only coaxial currents can be demonstrated.
The fact that eddy currents and coaxial currents could be detected simultaneously and did not, as might be expected, give rise to a resultant, could only be explained by assuming that although eddy currents and coaxial currents coexisted as far as their effects on the pilot lamp were concemed, these two phenomena were not coincident as regards their phase relations. On examining the system more closely it became clear that the coaxial currents must be approximately 90 degrees out of phase with the eddy currents. By means of another type of probe ( fig. 5c ) for surface work, consisting of two metallic buttons mounted on an insulating strip and bridged by a small lamp, P3, similar to the one used throughout the investigations, it was possible to show that the same conditions existed in the body. It could be denmonstrated that both coaxial and eddy currents occurred and that the predominance of one or the other type was dictated by conditions related to impedance. In the thigh just above the knee-joint, in most cases both currents could be demonstrated. It could also be shown that when half the cable was wound clockwise and the other half anticlockwise, so as to cancel the magnetic field between the two halves, no eddy currents existed.
C. Present therapeutic applications of high-frequency currents involve the continuous dissipation of electrical energy in the load under treatment. Under these conditions the only detectable effect to which therapeutic value may be ascribed is the rise in temperature which results from heat production. This rise in temperature sets a limit to the power which can be used without risk of bums. Consequently effects other than thermal ones which might manifest themselves under higher intensities remain undetected.
It is not possible to predict what would happen if, instead of treating tissues by means of sustained high-frequency electrical energy, tissues were subjected to intermittent radio-frequency pulses of very high intensity separated by silent periods of sufficient length to allow for the dissipation of heat. Those who have some technical knowledge of such matters will readily recognize an application of "Radar" technique in this. R]lsuM1-Les ondes electriques stationnaires avoisinant des conducteurs sieges de courants de haute frequence, provoquent des effets qui doivent etre pris en consideration a la faveur de leurs applications therapeutiques.
A. La mesure de 1'energie dissipee est rendue possible grace au fait que des conducteurs paralleles se conduisent en transformateur. Dans une generatrice d'onde courte, mise au point par la G.E.C., les dimensions de ces conducteurs sont telles qu'apres avoir prealablement etabli l'impedance du sujet entre les electrodes condensatrices, la sensitivite de 1'appareil de mesure peut etre ajust6e de fagon a lire des lors en watts l'energie absorbee dans le sujet. . 5b ).
Avec une portion de l'electrode inductrice enroulee autour d'un vase cylindrique contenant une solution conductrice, les effets dus au deux conditions existantes peuvent etre s6par6s. 11 est a noter que ( fig. 7) :
(a) en disposant la partie node de 1'electrode inductrice autour du vase, seuls les courants de Foucault peuvent etre deceles et que ceux-ci sont produits d'autant plus facilement que la resistance de la solution est faible. Ils sont d'ailleurs intenses a la p6ripherie et faiblissent rapidement en quittant celle-ci, ainsi que le demontre la courbe de la fig. 8 .
(b) d'autre part, en n'usant que les antinodes de l'electrode inductrice enroules autour du meme vase, seuls les courants longitudinaux dus au champ electrique se manifestent. Ceux-ci toutefois existent au centre du vase tout autant qu'a la peripherie.
(c) Lorsque l'6lectrode inductrice entiere est enroulee autour du vase, c'est la concentration de la solution qui determine la maniere de laquelle l'energie est dissipee: (1) Avec de l'eau du robinet, seuls des courants longitudinaux sont decel6s tandis que les courants de Foucault sont faibles ou font defaut. (2) Avec une solution concentree de sel marin, le contraire se manifeste. (3) Avec des concentrations interm6diaires, les deux courants peuvent coexister a la peripherie tandis qu'au centre, seuls les courants longitudinaux se manifestent.
Le fait que les courants de Foucault et longitudinaux peuvent etre deceles simultan6ment et sans donner lieu a une seule resultante ne peut etre explique qu'en postulant que quoique ces deux courants coexistent en tant que leurs effets sur la lampe exploratrice, ces deux phenomenes ne coincident n6anmoins pas quant a leurs phases. En effet, en examinant plus attentivement le circuit en question, il devient 6vident que ces courants doivent etre dephases d'environ 90°.
Au moyen de deux boutons metalliques mont6s sur un manche isolant et reunis par une petite ampoule (P8 dans la fig. 5c ) semblable a celles utilis6es dans les experiences precedentes, il est possible de demontrer que les memes conditions existent dans le corps humain. Outre la presence de courants de Foucault et longitudinaux, on peut d6montrer que la predominance des uns ou des autres depend de conditions ayant trait a l'impedance. Dans la cuisse, par exemple, on peut relever simultanement les deux courants. On peut aussi demontrer que les courants de Foucault peuvent etre abolis en enroulant les deux moities du cable inducteur dans des directions opposees, de maniere a neutraliser l'effet des champs magnetiques.
C. A pr6sent les applications therapeutiques de haute fr6quence sous-entendent la dissipation continue de l'energie electrique dans le sujet. Dans ces conditions, seuls les effets thermiques se manifestent. *La hausse de temperature resultant de la production de la chaleur limite l'energie utilisable sans crainte de bruilures. Par consequent tout autre effet qui pourrait se manifester sous des intensit6s plus 6levees reste cache. II est impossible de prevoir ce qui arriverait si au lieu de traiter les tissus a un regime de dissipation soutenue, on les soumettait a des trains d'ondes d'intensite tres elev6e separes par des periodes inactives suffisamment longues pour permettre la dissipation de la chaleur degagee. C'est une technique qui se rattacherait au "Radar". IN April 1935 I read before the Duchenne Society a short paper entitled "The Behaviour of Oscillating Currents in Complex Circuits". Since that time, I have become better acquainted with the behaviour of these currents and their vagaries. My greater respect for them has this time made me choose the less ambitious title of "The Complex Behaviour of High-Frequency Currents in Simple Circuits".
While the technical developments in the field of high frequency demanded by the exigencies of war have been considerable, their application to medicine has made but little progress.
One of the reasons for this discrepancy is that the medical man has an aversion to the mathematical way of expressing a phenomenon: while on the other hand the theoretical physicist, unfortunately, is only too well aware of the shortcomings of the non-mathematical conceptions of such phenomena.
The methods of producing high-frequency and ultra-high-frequency currents are now so numerous that the type of generator circuit employed in a particular machine is the radio engineer's problem. There are, however, in this respect two points with which the medical man may be concerned. The first relates to the abatement of radio interference. It is now moderately certain that legislation will come into being with a view to stopping incidental radiation from all types of equipment including electro-medical apparatus.
This will mean either working inside screened rooms or employing apparatus designed to work at frequencies allocated for free radiation. In order that apparatus should adhere strictly to the specified wave bands within the limits of tolerance imposed, it will have to be of very special design, probably crystal controlled.
My second point in this connexion takes me back to my lecture before the Duchenne Society, when, after demonstrating the existence of mechanical stresses in dielectrics subjected to alternating electric fields, I postulated that similar stresses might be producedin dielectrics subjected to high-frequency fields. I also. propounded the hypothesis that such mechanical disturbances might provoke mild inflammatory reactions capable of eliciting defensive processes in living tissues. At the same time it was realized that the dominant effect of high-frequency currents in the tissues was the production of heat with a consequent rise in temperature, which itself set a limit to the use of high-frequency currents at intensities sufficiently high to bring to light manifestations of another order.
It is not possible to predict what would happen if, instead of treating tissues by means of sustained high-frequency electrical energy, tissues were subjected to intermittent radiofrequency pulses of very high intensity separated by silent periods of sufficient length to allow for the dissipation of heat.
Those who have some technical knowledge of such matters will readily recognize an application of "Radar" technique in this.
It is disappointing to have to note that although this country was foremost in the field of Radar development, the only experimental work of this kind on biological materials was carried out by Dr. Johan Nyrop in Copenhagen, actually during, and after, the German occupation of Denmark.
The results of his investigations are epitomized in a letter published in Nature of January 12, 1946.
If the actual method of generating high-frequency currents is not of immediate interest or importance to the medical man using them, a knowledge of their behaviour in the circuit which includes the patient is essential, if they are to be used to their best advantage or if the need of measuring them arises.
One of the difficulties which appears to confront the non-technical mind is the recognition of an unfamiliar type of oscillating circuit.
Take a straight metal strip of say 1 metre in length and bend it so as to make it assume the shape of a gigantic hairpin. Few will recognize in this an oscillating circuit. Yet on closer examination the looped end may be regarded as a coil of only one half-turn and the open end as the plates of a condenser.
Thus we have inductance and capacitance which are the requisite factors for an oscillating circuit.
If brought within a short-wave field of approximately 2 m. wave-length this bent strip would become the seat of electrical oscillations of approximately 150 megacycles. This means that 150 million times per second, electrons pass from one prong of this system to the other and back again.
The presence of the electrons on one prong, and their deficiency on the other, creates an electric field across the open end of the system (C) while the to-and-fro movement of electrons in the loop (L) produces a magnetic field.
It must be realized for future reference that the electric field is strongest when no magnetic field exists and conversely.
The state of affairs just described exists in the patient's leads. On these transmission lineswhen parallel-one can detect zones where a strong electric field exists and others where the magnetic field is strong. These conditions are referred to as standing waves and are in every way similar to the standing waves observable in analogous mechanical systems. Spectacular demonstration of this is afforded by Melde's experiment where a stretched string is attached at one end to the prong of a tuning fork and loaded at the other. Under the action of the vibrations the length of the string can be seen to break up into zones where practically no vibration occurs and zones where the amplitude of vibration is at its greatest. These zones are termed nodes and anti-nodes respectively.
That standing waves exist along transmission lines carrying high-frequency currents can equally well be demonstrated by means of a small loop of wire closed upon an ordinary light bulb in the case of voltage nodes and by rnans of a small neon tube in the case of anti-nodes.
An interesting feature of the standing wave phenomenon is that the voltage across one position of the parallel transmission line system bears a direct linear relation to the current in another.
If L and C (in fig. 1 ) represent the inductance and capacitance of an oscillating circuit in resonance with a high-frequency generator then, provided the transmission lines are -long, the voltage measured across the inductance L will vary directly with the current in the condenser C. So much so that a voltmeter M appropriately calibrated in amperes will give a direct reading of the current in the condenser field, that is, if the losses are negligible and the system is in resonance.
There is a definite relationship between the frequency of oscillation and the distance between the nodes and anti-nodes, the latter being equal to X wave-length.
The direct consequence of this peculiarity is that transmission lines behave as power transformers which may in their effect be compared with an ordinary static transformerprovided the analogy is drawn with caution.
Imagine a transformer with an equal number of turns of wire on the primary and secondary windings. If an alternating current is fed into the primary, a current of substantially the same voltage and amperage will be available from the secondary. Should the number of turns of wire on the secondary be now progressively reduced it will be found that although substantially the same power is obtainable it will be of lower voltage but a higher amperage will be available. With, for instance, only one turn of wire on the secondary, enormous amperage and very low voltage will result, always provided the load is ofthe appropriate value.
With high frequencies it is important to note that whatever the length of the leads, the power supplied to the load via the leads has the same magnitude as the power fed into the leads, minus of course that proportion of the power which is lost in transmission. It is impossible to use at high frequencies the same type of power-measuring devices as are in common use at low frequencies. However, working in the G.E.C. Laboratories, Mr. Furneaux has -developed a method of measuring the power supplied to the patient in short-wave diathermy. He makes use of a circuit which automatically combines a measurement of the resistance of the patient and of the current passing into him. The principles are best illustrated by outlining how the same circuit would measure power in a load subjected to A.C. at low frequency.
In fig. 2 , T represents a transformer supplying power to a load Z. Its primary is supplied from a low-frequency source via the potentiometer QP. With this potentiometer set to the point 0 the E.M.F. has a definite value, say 10 volts. In series with the primary is a meter with a variable resistance R shunted across it. It will be appreciated that for a particular value of the shunt R the reading of the meter is a function of the current in the load, and as the power in the load is determined by the formula W=I2r, then for a particular value of load resistance the meter could be calibrated directly in terms of the power into the load. But if now another load, having a different resistance, is connected to the secondary, this calibration will no longer apply. However, if the value of the shunt R is appropriately reset the meter calibration can be made to suit the changed load. Clearly what is needed is some means of measuring the resistance of the load so that the shunt R can be set to the correct value for each load. This can be achieved by setting the potentometer to the fixed point 0, under which condition a predetermined E.M.F. is applied to the primary of the transformer, and the reading of the meter is a function of the resistance of the load. The meter reading under these conditions will therefore give the information which enables R to be set up to such a value that henceforth the meter correctly reads the power into the particular load under consideration.
In the case of high-frequency and ultra-high-frequency currents, the problem-although sirhilar in its broad essentials-is complicated by the presence of standing waves and the losses due to absorption in the transmission lines. Nor does the customary output circuit consisting of a single tuning condenser with the transmission lines and the patient's co11denser field across it ( fig. 3a ) lend itself to the modifications required for power measurements by this method. Instead, a single oscillating circuit is used with the inductance, the transmission lines, the patient's condenser field and two ganged variable tuning condensers all in series ( fig. 3b ).
It is a circuit of this type, incorporating features designed to overcome the difficulties due to the complications mentioned, which has been adapted by the G.E.C. Laboratories for power measurement (fig. 4) . One of its main points of interest is that the length of the transmission lines has been so adjusted that an automatic correction is effected for the power lost in the cables themselves. The sensitivity control in this instance is obtained by means of two small ganged condensers in series with the voltmeter. The operations involved are slightly more complicated and are as follows: The condenser electrodes are suitably placed and the generator is turned on to a definite pre-set but low output. With the sensitivity control of the meter at a standard setting the tuning condensers are then manipulated until the highest reading on the meter indicates that resonance exists. The meter now gives a measure of the resistance of the patient.
The pointer of the sensitivity control-knob is now made to point at a figure representing the resistance just noted. Once this is done, the meter registers on the power scale the watts dissipated in the patient and will continue to do so for any outp'ut of the generator provided the patient's circuit is kept in resonance. Many will have recognized that the steps taken to achieve this measurement are the same as those taken for measurements in the case of lowfrequency currents.
AN If
It has always been one of the drawbacks of short-wave therapy that it does not lend itself to being measured. The fact that one instrument can effect the measurement of current, or of the power dissipated must be considered an important step forward in dosimetry and will prove of invaluable assistance in technique of administration and prescription of shortwave therapy.
Other methods of computing power dissipated have been devised, notably by Mittelman, but they lack the simplicity of the one just described.
In this connexion I would, however, venture a cautionary remark to the effect that although these methods give information as to the total dissipation of energy, they give none as to where it is dissipated.
Take for example the treatment of a septic finger longitudinally and in series with the hand and forearm: the measurement of total power would in such a case not be as valuable as an assessment of the current in the finger.
From limited experience with the machine at my disposal it has already been abundantly clear that the measurement of both the current in amperes and of the power in watts must be available.
Before closing I should like to make some few remarks about that part of the output circuit more intimately concerned with theactual treatment.
Two principles are involved in the application of high-frequency currents to the patient. The first is based on the production of heat through power absorption in leaky dielectrics placed in a condenser field. The second depends on the production of heat resulting from the induction of eddy currents in tissues surrounded by a coil which is carrying a highfrequency current.
When the condenser method is used, only electric field phenomena need be considered and, provided the calculations of conditions in complex networks ofimpedances are regarded as a simple matter, the behaviour of the currents, as regards distribution and conversion into heat, are moderately straightforward.
In the case of treatments with the cable electrode, the problem becomes highly complicated on account of the difficulty of obtaining eddy currents only.
Experiments conducted at St. Thomas's Hospital have enabled us to come to some conclusions which I should like to put on record because they are of some practical importance and may, if noted, lead to improvements in technique with cable electrodes.
The search for the longitudinal or coaxial currents and for the eddy currents was carried out on liquid phantoms in a cylindrical vessel in collaboration with Dr. Waters and Mr. Styles. The probe used consisted of a glass tube having at one end a small electric bulb requiring a very low current and fitted with two small condenser plates ( fig. 5a ).
By turning knob K, this little lamp (Pl) could be made to rotate through 360 degrees in both the horizontal and vertical planes.
Accurate measurements of the E.M.F. impressed across the lamp (Pl) could be made by matching the light of a similar lamp (P2) with a voltmeter across its filament and controlled by-a variable resistance ( fig. 5b) .
Inasmuch as the cable electrode is a closed loop, it must have a nodal portion (A) where the current is high with a high magnetic flux and two antinodal portions (B and C) between which a strong electric field exists ( fig. 6 ). Intermediate points (D and E) are in lesser degrees the seat of both magnetic and electrical phenomena. When a portion of such a cable is coiled around a cylindrical vessel containing an electrolyte the effects of the two phenomena can be dissociated ( fig. 7 ).
(a) By using the nodal portions of the loop only, it can be shown that only eddy currents are produced and that the lower the resistance of the electrolyte the more easily they are produced. Of course they are strongest at the periphery and rapidly fall off away from it, as shown by the curves of the graph in fig. 8 . (b) By using only the antinodal portions of the loop, coiled around the same vessel, coaxial or longitudinal currents can be demonstrated. It is interesting to note that these exist both at the periphery and at the centre. (c) When the whole cable is wound round the vessel, the concentration of the electrolyte becomes the factor determining the way in which the energy will be dissipated: (I) with tap water, it is found that no eddy currents can be demonstrated whereas coaxial currents exist;
(2) with strong saline solutions the converse holds good; (3) with electrolytes of intermediate concentration both types of currents can be shown to coexist at the periphery while at the centre only coaxial currents can be demonstrated.
The feature which at first appears puzzling is the fact that eddy and coaxial currents can be detected simultaneously and do not-as might be expected-give rise to a resultant. The small pilot lamp remains alight when rotated through 360 degrees. The only possible explanation is that although the eddy currents and the coaxial currents coexist as far as their effects on the pilot lamp are concerned, these two phenomena are not coincident as regards their phase relations. On examining the system more closely it becomes clear that the coaxial currents must be approximately 90 degrees out of phase with the eddy currents.
By means of another type of probe ( fig. 5c ) for surface work, consisting of two metallic buttons mounted on an insulating strip and bridged by a small lamp P3 similar to the one used throughout these investigations, it is possible to show that the same conditions exist in the body. It can be demonstrated that both coaxial and eddy currents occur, and that the predominance of one or the other type is dictated by conditions related to impedance.
If the impedance is high, as for instance when the cable is wound around the whole length of an arm, the dissipation of energy in the form of coaxial currents appears to be favoured. If on the other hand the cable is wound around the trunk, the production of eddy currents appears to be favoured.
In the thigh just above the knee-joint, in most cases both currents can be demonstrated. It can also be shown that when half the cable is wound clockwise and the other half anticlockwise, so as to cancel the magnetic field between the two halves, no eddy currents exist.
The outcome of the more immediately practical aspects of some of our work is shown by the use of polythene-covered electrodes with turned-up edges and the method of clamping these electrodes to the treatment chair or limb rest ( fig. 9 ).
Air-spaced tunnel electrodes also have their use when treating limbs or parts of limbs. They can be made out of ordinary rubber-covered electrodes held in a small wooden rack to keep them curved ( fig. 10 ).
It will be noticed that a modification of this air-spaced tunnel electrode is used in conjunction with the machine incorporating the power-measuring instrument. Even in its prototype state this electrode has proved its adaptability to conditions. My list of acknowledgments would be a long one if I mentioned by name everyone who had assisted me, for in addition to those directly associated with my work at St. Thomas's Hospital I am indebted to the Research Laboratories of the G.E.C. for their help, both from the point of view of technical advice and loan of apparatus. I would also mention Mr. Cox and his staff who took a lot of trouble in constructing the equipment I conceived.
